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Minireview R291
Fix L, which contains a haemoglobin domain
homologous to the PAS family and a histidine kinase
domain, forms, with Fix J, a two-component signalling
complex that regulates expression of nitrogenase
genes in Rhizobium. Spin transitions of its haem iron
trigger stereochemical changes in and around the haem
that, together with steric effects, control the activity of
the kinase. Homology with the PAS family is based on a
common core of about 20 structurally equivalent sites
from which polar residues are excluded.
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The fold of the globin chain, which J.C. Kendrew and
coworkers first discovered in 1958 [1], has been found to
be common to the haemoglobins and myoglobins of all
species, but in 1991 Gilles-Gonzalez, Ditta and Helinksi
[2] found in the symbiotic nitrogen-fixing bacterium
Rhizobium meliloti a membrane-bound haemoglobin that is
also a histidine kinase and shows no homology with any
globins. They called it Fix L. Together with the transcrip-
tion factor Fix J, Fix L forms a signalling system that acti-
vates expression of two of the 23 genes required for
nitrogen fixation— nif A and fix K. These two genes
encode transcriptional activators that promote expression
of the other 21 genes [3,4]. To protect the nitrogen-fixing
enzyme nitrogenase from oxygen, the signalling system
activates expression of the genes only in anaerobic condi-
tions. At low oxygen tensions, Fix L catalyses phosphory-
lation of one of its own histidines by ATP. In a second,
oxygen-independent reaction, it phosphorylates and
thereby activates Fix J. The reactions depend on the pres-
ence of divalent cations [5]. The two proteins constitute
one of the simplest known signalling systems.
The absorption spectra of oxy, deoxy and carbonmonoxy
Fix L closely resemble those of mammalian haemoglobins,
but the ligand-binding properties of Fix L are very differ-
ent [6]. Soluble Fix L, from which the membrane-span-
ning domain has been cleaved, has an oxygen dissociation
constant 40 times and a CO dissociation constant 2500
times larger than those of human haemoglobin A (HbA).
This is due largely to the 190 and 350 times slower on-
rates, whereas the off-rates are only 4.5 and 6.4 times faster
than those of HbA (Table 1). The on-rates for oxygen are
similar to those of human haemoglobin in the T state. 15%
of Fix L remains deoxygenated even in air. At the partial
pressure of 10 mm O2 in Rhizobium, Fix L would be
99.96% deoxygenated. M, the partition coefficient
between oxygen and CO of Fix L, is 40 times lower than
that of HbA. Its rate of autoxidation is about 30 times faster
than that of sperm whale myoglobin. The Soret band of
acid met Fix L is blue-shifted by 10 nm from that of met
HbA and has a 20% lower absorption coefficient, two fea-
tures that are characteristic of five-coordinated ferric haem,
whereas met HbA has a water molecule bound at the sixth
coordination position of the iron. 
The allosteric equilibrium of mammalian haemoglobins is
controlled by the spin-state and coordination of the haem-
iron, and also, in the β subunits, by the steric effect of
haem ligands. Five-coordinated high-spin iron in deoxy-
haemoglobin stabilises the T structure; low-spin, six-coor-
dinated haem iron in oxyhaemoglobin stabilises the
R structure [7]. In Fix L, the same factors control auto-
phosphorylation of the ATPase domain. High-spin deoxy,
F-met and acid met Fix L activate the ATPase; low-spin
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Table 1
Comparison of oxygen and carbon-monoxide binding of
R. meliloti Fix L, sperm whale myoglobin and human
haemoglobin.
P50 K kon Koff
(mm Hg) (×10–4 M–1) (×10–4 M–1 s–1) (s–1) M
Oxygen
Rm Fix LT 27 2.0 21.7 11
Rm Fix LH 17 3.2 21.7 6.8 7.5
SW Mb 0.48 120 1400 12 23
Human HbA 0.3 80 4000 50 300
HbA/ 0.011 40 190 4.5 40
Rm Fix LT
Carbon monoxide
Rm Fix LH 2.2 20 1.7 0.083
SW Mb 0.028 2700 31 0.019
Human HbA 0.001 50,000 600 0.013
HbA/ 0.00045 2500 352 6.4
Rm Fix LT
Rm Fix LT, Rhizobium meliloti Fix L minus its membrane-binding
domain; Rm Fix LH, Rhizobium meliloti Fix L haem domain only;
SW Mb, sperm whale myoglobin.
oxy, CO and cyanomet Fix L inhibit it [8]. Figure 1 shows
that autophosphorylation of the water-soluble met Fix L
of Bradyrhizobium japonicum is a linear function of the frac-
tion of high-spin ferric iron. 
The recently determined structures of the haem domain
of Fix L of B. japonicum in the acid and cyanomet states
reveal the stereochemical basis of this signalling effect;
the former serves as a model of deoxy and the latter of oxy
Fix L [9] (Figure 2). The structure resembles a closed left
hand and bears no resemblance to that of the globins. The
β strands A, B, H and I form the fingers, the β strand G
the thumb, and helices E and F the palm. The hand
clasps the haem, which is covalently linked to His200
(residue number 5 in helix F). Fix L contains no distal his-
tidine nor any other polar residue distal to the haem.
Distal positions equivalent to HisE7 and ValE11 in HbA
are occupied by a leucine (236) and an isoleucine (238)
whose Cδ2 atoms would lie only 2.4 and 2.6 Å from the
cyanide carbon of a hypothetical model CN fitted to the
ferric iron in the structure of acid met Fix L. In fact, the
sidechains give way, so that their real distances from the
cyanide carbon in cyanomet Fix L become 3.0 and 3.3 Å
(Table 2). Mammalian haemoglobins have very fast on-
rates, because the distal histidine, which blocks access to
the haem iron, swings in and out of the haem pocket very
fast. In Fix L, the sidechains of residues 215 and 238
cannot swing out, but they rotate about their Cα–Cβ
bonds in what appear to be concerted movements, also
accompanied by a rotation of Ile216 (Figure 3). These
movements, however, do not provide as easy access to the
haem pocket as the swinging histidine in HbA.
The oxygen and carbon monoxide affinities of haemo-
globins are known to be modulated by tension at the
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Figure 1
Dependence of autophosphorylation of the ATPase domain of Fix L of
B. japonicum on the spin state of the haem iron as expressed by the
ratio of five-coordinated met Fix L to total Fix L in mixtures of met and
cyanomet Fix L. (Reproduced with permission from [8].)
0.3
0.2
0.4
0.6
0.8
1.0
0.4 0.5 0.6
met Fix L/total Fix L
0.7 0.8 0.9 1.0
R
el
at
iv
e 
ac
tiv
ity
Figure 2
Structure of the haem domain in Fix L of B. japonicum. The colouring
goes from blue at the amino to red at the carboxyl end. Haem is shown
in a ball-and-stick representation.
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Table 2
Stereochemical changes in and around the haem on cyanide
binding to met Fix L.
Unliganded (Å) Cyanide (Å)
Fe–Nε bond 2.13 2.05
Fe–Nporph plane 0.17 0.14
Fe–Pyr plane 0.31 0.25
Nε–Nporph plane 2.29 2.18
Nε–Pyr plane 2.43 2.30
Deoxy (Å) CN (Å)
Distances to modelled and real CN*
Leu236 Cδ2–N (CN ligand) 2.4 3.0
Ile238 Cδ1–N (CN ligand) 2.6 3.3
Ile215 Cγ2–N (CN ligand) 3.4 3.6
Internal distances
Leu236 Cδ2–Fe 4.1 4.5
Ile238 Cγ1–Fe 4.6 5.0
Leu236 Cγ–Ile238 Cβ 5.6 5.9
Ile215 Cγ2–Leu236 Cδ2 4.6 6.4
*A model of CN was attached to the haem iron in acid met Fix L in
order to measure the hypothetical distances between the cyanide
carbon and the methyl carbons of the three distal sidechains as an
estimate of the steric hindrance to ligand binding in deoxy Fix L.
haem iron and steric hindrance by distal residues. To
what extent do they account for the very low affinities
and slow on-rates of Fix L? In the α subunits of human
haemoglobin, tension at the haem iron manifests itself
by the rupture of the iron–histidine bond in nitric oxide
(NO) haemoglobin. The resulting five-coordinated haem
iron is recognisable by the fine structure lines of its elec-
tron paramagnetic resonance (EPR) spectrum [10]. The
spectrum of Fix L NO linked to its kinase domain
exhibits the same fine structure lines, but they are
weaker than in NO haemoglobin, indicative of weaker
tension, resulting in an equilibrium between five- and
six-coordinated haem iron. In truncated Fix L NO that
lacks the kinase domain, the lines are absent, which
shows that interaction between the haem and the kinase
domains causes tension at the haem iron, and, con-
versely, that tension at the haem iron would make
itself felt by the kinase domain (M.A. Gilles-Gonzalez, 
personal communication).
How large is the tension? The oxygen dissociation con-
stant of complete Fix L is only 1.6 times larger than that of
truncated Fix L, but is 60 times larger than that of sperm
whale myoglobin. This means that tension at the haem
iron accounts for only a ninth of the difference in free
energy of oxygen association between Fix L and myoglo-
bin. The rest must be due to steric hindrance. By contrast,
Winkler et al. [11] tested the role of steric hindrance by
measuring the ligand-binding properties of met Fix L.
They found that imidazole binds to complete met Fix L
over 50 times faster and to truncated met Fix L over 70
times faster than to sperm whale met myoglobin, which
suggested that steric hindrance to small ligands is negligi-
ble. How can we account for this contradiction?
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Figure 3
(a) Superpositions of haem with its proximal
histidine and distal leucine and isoleucine
residues in met and cyanomet Fix L.
(b) Superposition of the same two structures
showing transmission of the stereochemical
changes in the distal residues to the loop
containing Pro213 and Ile216.
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The crystal structure of Fix L shows that its haem pocket
has no room for ligands as large as imidazole. To bind imi-
dazole, the β strand H, which contains the distal Leu236
and Ile238, must move away from the haem by about 2 Å;
met Fix L must be in rapid equilibrium between two con-
formations: one with the closed haem pocket seen in the
crystals (Figures 2,3), and another with a haem pocket suf-
ficiently open to allow fast access and binding to large
ligands. Proteins are known to be destabilised by uncom-
pensated internal charges; if such a conformational equilib-
rium exists it is likely to be due to the destabilising effect
of the uncompensated charge of the ferric iron. A unit
charge in an isotropic sphere of radius 15 Å and dielectric
constant 4 would have a free energy of 2.7 kcal/mole, suffi-
cient to destabilise the delicately balanced structure of a
protein. Our conclusion that steric hindrance by distal
residues is dominant in determining the low affinity for O2
and CO and in signalling to the kinase domain also seems
to conflict with the dependence of the kinase activity on
the spin state of the haem iron shown in Figure 1. This
conflict is only apparent, however, because in the high-
spin derivatives the haem iron was either five-coordinated
or bound to fluoride, a monatomic ligand that is not hin-
dered by the distal residues. 
The CO affinity of Fix L is over a hundred times lower
than that of sperm whale myoglobin. In myoglobin,
Springer et al. [12] found the strength of the Fe–CO bond
to be influenced by both electrostatic and steric interac-
tions with the distal amino acid residues. Collman and Fu
[13] have shown by a series of ingeniously designed model
compounds that distal steric hindrance alone can give rise
to such low CO affinity. They synthesised iron porphyrins
whose P50(CO) ranges from 9 × 10–3 torr in their classic
picket fence complex to near infinity in the cyclam-
capped FeII-porphyrin shown in Figure 4. This complex
does not bind CO at all because it does not have enough
space for the preferred mode of CO binding normal to the
haem plane, but it has an oxygen affinity comparable to
that of HbA, because the cap does not hinder binding of
the tilted oxygen.
The high rate of autoxidation of Fix L can be explained
by its low oxygen affinity and the absence of a distal histi-
dine. Oxygen is known to protect the haem iron from oxi-
dation, which apparently occurs predominantly in the
fraction of the molecules that is deoxygenated at any one
moment. The larger that fraction in the presence of
oxygen the larger the rate of autoxidation. The distal histi-
dine donates a hydrogen bond to the bound oxygen,
which seems to protect the iron from oxidation. Brantley et
al. [14] in Olson’s laboratory replaced the distal histidine
in myoglobin by other residues. All except glutamine,
which can also form that hydrogen bond, raised the rate of
autoxidation. Evolution is a brilliant chemist.
Gonzalez et al. [15] measured the rate of autoxidation of
Fix L as a function of oxygen concentration. After an
initial rise to 6.7 h–1, it dropped to a constant value of 1 h–1
at about 600 µM O2. Plotted against fractional saturation
with oxygen, the rate followed a bell-shaped curve, rising
to 6.7 h–1 at 50% saturation and dropping to 1 h–1 at full
saturation. If the rate is taken to be proportional to the
product of the partial pressure of oxygen as reflected by
the fractional saturation of the haemoglobin with oxygen Y
and of the fractional concentration of deoxyhaemoglobin
(1–Y), then:
koxi = C[Y(1–Y)] = C(Y–Y2) (1)
where C is a constant. If Ka is the association constant for
oxygen and pO2 its partial presence, then this becomes:
(2)
A plot of this quadratic equation gives a parabola. If this
law holds, the rate of autoxidation should rise with the
haemoglobin concentration. There also appears to be a
slower component acting on Fix L saturated with oxygen.
For a discussion of possible mechanisms of autoxidation of
haemoglobins and myoglobins see [16].
A term kb[Y(1–Y)] is included in Gonzalez et al.’s
equation 4 [15], where kb is the rate of:
(3)
For details see [15]. 
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Figure 4
Collman’s cyclam-capped metal porphyrin (reproduced with
permission from [13]).
3.91 Å
4.88 Å
In mammalian haemoglobins the spin transition and
change in coordination number of the haem iron cause a
movement of the proximal histidines by 0.55 Å relative to
the plane of the porphyrin nitrogens and carbons. This
movement is transmitted to the framework of the globin
where it initiates the changes in tertiary structure that lead
to the allosteric transition. Steric hindrance to haem
ligands in the β subunits in the T structure and its removal
in the R structure also influence the allosteric equilibrium
[17]. Table 2 shows that the movement of the proximal
histidine relative to the plane of the porphyrin nitrogen
and carbons in met Fix L is only 0.11 Å; this movement
may be smaller than in the transition from deoxy to oxy
Fix L, because Gong et al. [9] determined the structure of
five-coordinated ferric rather ferrous Fix L and the ionic
radius of ferric high-spin iron is smaller than that of the
ferrous form. The porphyrin is puckered in met and flat-
tens in cyanomet Fix L; the puckering may be due to
expansion of the Fe–Nporph distances accompanying the
transition to high-spin iron, but changes in these distances
cannot be seen at the resolution of the available structures.
Movement of the iron and puckering of the porphyrin may
be amplified into a signal that is transmitted to the kinase.
There is as yet no structure of Fix L complete with its
ATPase domain, so the steric pathway from the haem-
pocket to the ATPase domain can only be guessed, but
the differences between the acid met and cyanomet struc-
tures suggest that the pathway starts at Leu236, Ile238
and Ile215, which form a hydrophobic triad around the
haem ligand (Figures 3,5). Their movements are transmit-
ted to, and amplified by a loop that includes Pro213, and
thence transmitted to other atoms including the haem pro-
pionates. Gong et al. [9] regard the movements of the pro-
pionates as the prime transmitter, but they are too flexible
to transmit steric effects, and the Pro213 loop is the more
likely candidate.
Taylor and Zhulin [18] spotted sequence homologies
between Fix L and the PAS-domain superfamily. These
domains occur in sensor modules of other two-component
regulatory systems, in transcription activators and in ion
channels. The four known crystal structures of such
domains are those of SH2 (Rous sarcoma homology-2),
which signals the state of autophosphorylation of a tyro-
sine in a transmembrane growth hormone receptor; of the
actin-binding protein profilin; of the photosynthetic
yellow protein (PYP) of a halophilic bacterium; and of the
HERG potassium channel amino-terminal domain
[19–22]. The discovery of the homologies required sophis-
ticated algorithms, because the only consistent amino acid
identities of the PAS proteins consist of two glycine
residues spaced eight residues apart in β turns.
What determines the common structural motifs of these
proteins? It cannot be just the two glycines. A similar
question arose in 1965 when the first amino acid
sequences of the globins emerged. They exhibited little
similarity, and later additions showed that the globins
contain only two common residues: the proximal histidine
and a phenylalanine that wedges the haem into its pocket.
On the other hand, they all shared 32 internal sites from
which polar residues were excluded. These sites formed
the hydrophobic core of the globins and they were clearly
the main determinants of the common structure [23,24].
1991 saw the unexpected structural similarity between
rabbit muscle actin and the ATPase segment of the
bovine HSP70 heat-shock protein [25]. The two proteins
contained 241 pairs of structurally equivalent sites. Of the
93 sites with accessible surface areas of less than 20 Å2, 67
were occupied by nonpolar residues in both proteins, 17
were occupied by a nonpolar residue in one protein and a
serine or threonine in the other, and six by threonines or
serines in both proteins [26].
We find analogous similarities among Fix L, PYP, the
potassium channel domain and profilin. Table 3 shows
that Fix L, PYP and the potassium channel protein share
22 internal sites that are occupied by hydrophobic
residues in all three proteins, except for two of the sites,
which are occupied by threonine residues. In profilin,
helices C and D are deleted, which means that the posi-
tions marked exp are exposed to solvent and are therefore
occupied by polar residues. The SH2 domain was difficult
to align with the other four proteins because it shows large
topological differences from them. We conclude that the
common topology of the four PAS domains is determined
by a common core of nonpolar residues that occupy struc-
turally equivalent sites. This is likely to be the determin-
ing feature of the entire PAS family, and is a crucial,
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Figure 5
Plot of root mean square (rms) deviations after least squares fitting of
all atoms. The bold line represents the mainchain and the thin line the
sidechain atoms. Note that movement is largest in the loop containing
Pro213 and Ile216.
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universal feature of proteins that have similar structures.
Although aspects of this rule appear in the modern
armoury of methods for analysing and classifying proteins,
it is rarely, if ever, mentioned explicitly as the cause of
structural similarity, perhaps because it was first pointed
out in a now prehistoric paper [23].
Erythropoietin is a protein hormone that stimulates red
cell synthesis. A vital mammalian oxygen sensor regu-
lates the expression of the erythropoietin gene. The
sensor ensures that low oxygen tension of the blood,
caused by either blood loss or ascent to high altitudes, is
followed by increased synthesis of red cells. We have
often wondered whether that sensor is homologous to
Fix L. It activates the hypoxia-inducible transcription
factor (HIF-1) to form a heterodimer with HIF-2. The
dimer then moves into the cell nucleus and activates the
transcription of genes whose cis-acting elements contain
the hypoxia response genes [27]. The nature of the
oxygen sensor is still unknown.
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